The chromatin structure of a promoter is an important determinant of its transcriptional activity. Many promoters are assembled into repressive polynucleosomal arrays that are subsequently remodeled to allow for the activation of gene expression. This study addresses the contribution of a single transcription factor, Pit-1, in orchestrating the chromatin structure of the prolactin gene. Utilizing an in vivo reconstitution system, we found that Pit-1 can bind to multiple sites in the chromatin-assembled 5-flanking region of the prolactin gene and activate transcription from the chromatin-assembled template. Interestingly, Pit-1 was able to substantially alter micrococcal nuclease digestion of the prolactin 5-flanking region, and the results are consistent with presence of a translationally positioned nucleosome on the prolactin promoter. Changes in micrococcal nuclease digestion were also observed with a truncated Pit-1 mutant containing only the DNA-binding domain. As the truncation mutant was unable to activate transcription from the chromatin-assembled template, the ability of Pit-1 to alter chromatin structure of the prolactin gene is not dependent on transcriptional activation. We propose that Pit-1 likely plays a role in altering chromatin to facilitate recruitment and subsequent transcriptional activation by additional factors. (Molecular Endocrinology 19: 138-147, 2005)
A N IMPORTANT ASPECT OF transcriptional regulation in eukaryotes involves packaging the DNA of inactive genes into repressive polynucleosome arrays (1) . The process of transcriptional activation for a particular gene then involves the actions of sequencespecific DNA-binding factors leading to the recruitment of chromatin-modifying enzymes (2) . These enzymes include factors that covalently modify histones and other chromatin proteins (3) and ATP-dependent chromatin-remodeling complexes (4, 5) . The actions of these enzymes lead to modifications in chromatin structure that contribute to transcriptional activation. Changes in chromatin structure may involve a loss or redistribution of nucleosomes or a positioning of nucleosomes in a way that structurally facilitates interactions of transcription factors.
There are still many unanswered questions concerning the role of individual components in modulating chromatin structure. One question concerns the ability of specific, DNA-binding transcription factors to direct remodeling of chromatin. Although eukaryotic promoters generally contain binding sites for multiple factors, there is evidence that a single factor can direct changes in chromatin structure. For instance, GAGA factor appears to play a crucial role in positioning nucleosomes on the Drosophila heat shock protein (hsp)26 promoter (6), and reconstitution experiments have shown that GAGA factor can direct chromatin remodeling in vitro (7) . In vitro chromatin reconstitution studies have shown that the yeast Pho4 transcription factor can remodel the PHO5 promoter (8) . Similarly, it has been demonstrated that in vitro, the winged helix factor, hepatocyte nuclear factor-3 (HNF3), can direct positioning of a nucleosome on an enhancer from the albumin gene (9) . An in vivo chromatin reconstitution system using Xenopus oocytes has been used to demonstrate that the thyroid hormone receptor can direct chromatin remodeling (10, 11) .
In the present study we have examined the ability of the tissue-specific POU transcription factor, Pit-1 (12, 13) , to direct changes in the chromatin structure of the prolactin promoter. Prolactin is a simple polypeptide hormone that is synthesized and secreted by the anterior pituitary. The proximal promoter region and distal enhancer of the prolactin gene contain multiple Pit-1 binding sites, and Pit-1 has been shown to be sufficient to activate the prolactin promoter in heterologous cells and in vitro (14) . As cells that synthesize prolactin demonstrate changes in the chromatin structure of the prolactin gene (15, 16) , it seems possible that Pit-1 contributes to the development of a specific chromatin structure. In addition, Pit-1 has been shown to interact with the coactivator, cAMP response element binding protein (CREB) binding protein (CBP), and the nuclear receptor corepressor (N-CoR) (17) . As CBP has been shown to have intrinsic and associated histone acetyltransferase activity (18) (19) (20) and N-CoR associates with a histone deacetylase (21, 22) , it is possible that recruitment of CBP or N-CoR by Pit-1 leads to localized changes in histone acetylation. Transfection experiments have provided evidence that Pit-1 can enhance acetylation of histone H4 on the prolactin promoter (23). Thus, it is possible that Pit-1 can modulate the status of histone acetylation on the prolactin promoter, perhaps leading to changes in chromatin structure.
We have used Xenopus oocytes as an in vivo chromatin reconstitution system (24) to study the ability of Pit-1 to direct changes in chromatin structure. The results of these studies offer evidence that Pit-1 can lead to positioning of a nucleosome in the proximal promoter region of the prolactin gene.
RESULTS

Regulation of Prolactin Gene Expression by Pit-1 in Xenopus Oocytes
We have used Xenopus laevis oocytes as an in vivo chromatin reconstitution system to examine a role for Pit-1 in modulating the chromatin structure of the prolactin gene. As oocytes can assemble exogenous DNA into a chromatin template with physiologically spaced nucleosomes, this system provides a very useful in vivo model for studying chromatin structure and transcription (24) . We microinjected oocytes with a reporter gene containing approximately 1900 bp of the 5Ј-flanking region and promoter of the rat prolactin gene linked to luciferase (1.9PRL-Luc). Previous studies have demonstrated the presence of multiple Pit-1 binding sites (14) in both the proximal region (designated 1P, 2P, 3P, and 4P) and distal enhancer (designated 1D, 2D, 3D, and 4D) of the prolactin gene (Fig.  1A) . In an initial experiment we used digestion with micrococcal nuclease to assess assembly of the prolactin reporter gene into a polynucleosome array (Fig.  1B) . The prolactin reporter gene was microinjected into oocytes and after incubation for various time intervals, the oocytes were homogenized and incubated with increasing amounts of micrococcal nuclease. When microinjected oocytes were homogenized immediately with no time to assemble chromatin, micrococcal nuclease yielded only a smear (compare lanes 1 and 2). At 4 and 18 h after microinjection, a regularly spaced ladder of micrococcal nuclease digestion products, suggesting the assembly of a polynucleosome array (lanes 8-10 and 12-14) , could be detected. Even as early as an hour after microinjection, it appeared that mono-and dinucleosomes had assembled on the injected DNA (lanes 4-6).
The ability of Pit-1 to bind to the chromatin-assembled prolactin gene was examined (Fig. 2) . We first used a mobility shift to examine the ability of Pit-1 to bind in vitro to the proximal region of the prolactin gene ( Fig. 2A) . A 161-bp radiolabeled fragment of DNA containing three Pit-1 binding sites (4P-2P) of the prolactin gene was assembled into a nucleosome in vitro by using decreasing salt concentrations to deposit core histones on the DNA (25) . The small size of the DNA allowed assembly of only a single nucleosome on the DNA. Pit-1 readily bound to DNA that was not assembled into a nucleosome ( Fig. 2A , compare lane 1 to lanes 2-5). As this region of the prolactin gene contains three Pit-1 binding sites, binding of Pit-1 to different combinations of the sites presumably accounts for the presence of the multiple, slowly migrating complexes that are observed. Assembly of a nucleosome onto the DNA greatly decreased binding , and sites in the distal enhancer region are designated 1D-4D. The 1.9 PRL-Luc reporter construct used in these studies contains approximately 1.9 kbp of 5Ј flanking and promoter sequence of the prolactin gene including regulatory regions linked to luciferase (1.9 PRL-Luc). B, Injection of the 1.9 PRL-Luc reporter gene into oocytes results in chromatin formation. The 1.9 PRL-Luc reporter was injected into oocytes and incubated for 1, 4, or 18 h. Homogenates were treated with 0.8, 2.5, and 7.5 U/ml of micrococcal nuclease. The digested DNA was resolved on an agarose gel, transferred to a nylon membrane, and visualized by hybridization to radiolabeled DNA probe representing the prolactin gene sequences.
of Pit-1, as assessed by the limited ability of Pit-1 to produce slowly migrating complexes ( Fig. 2A , compare lane 6 to lanes 7-10). A DNase footprint assay was used to examine Pit-1 binding to chromatin in vivo (Fig. 2B) . Xenopus oocytes were injected with the rat prolactin-luciferase reporter gene (1.9 PRL-Luc) and a Pit-1 expression vector. The oocytes were incubated to permit Pit-1 expression and in vivo binding. The oocytes were homogenized, and incubated with increasing concentration of DNase, and sites of DNase cleavage were identified by linear PCR using a radiolabeled primer. The results of the footprint assay demonstrate that Pit-1 expression in vivo clearly led to protection of the known Pit-1 binding sites (14, 26) in the proximal (lanes 11-16) and distal regions (lanes 17-22) of the prolactin gene (Fig. 2B) . Thus, although Pit-1 appears to have a limited ability to bind to chromatin in vitro, binding to chromatin was clearly achieved in vivo.
We next assessed whether Pit-1 could activate transcription from a chromatin-assembled, prolactin reporter gene in Xenopus oocytes. Oocytes were injected with prolactin reporter constructs containing both the proximal promoter and distal enhancer regions (1.9PRL-Luc) or a shorter construct containing only the proximal region and promoter (0.6PRL-Luc). Some of the oocytes were also injected with an expression vector for Pit-1 or with an expression vector for the DNA-binding domain of Pit-1. The Pit-1 expression vector activated transcription in Xenopus oocytes with both prolactin reporter gene constructs whereas the Pit-1 DNA-binding domain failed to activate transcription (Fig. 3A) . At the protein level, expression of Pit-1 and the Pit-1 DNA-binding domain were similar (Fig. 3B) . These findings provide evidence that Pit-1 is capable of stimulating transcription from a chromatinassembled template. The finding that, in oocytes, the 1.9PRL-Luc reporter gene is not substantially more active that the 0.6PRL-Luc reporter gene is similar to studies using transfection of these reporter genes into heterologous mammalian cells deficient in estrogen receptors (27) . Whereas the distal enhancer contributes substantial transcriptional activation in homologous GH3 cells that contain both Pit-1 and estrogen receptor, the distal enhancer has little or no activity in heterologous mammalian cells transfected with Pit-1 expression vector in the absence of estrogen receptor expression. In future experiments it will be of interest homogenized and incubated with varying concentrations of DNase. DNA was isolated from the homogenates, and the sites of DNase cleavage were identified by a linear PCR using a 32 P-labeled primer complementary to either the luciferasecoding sequence (proximal PRL) or a site downstream from the distal enhancer (distal PRL). The products of the PCR were assayed by denaturing gel electrophoresis, and the position of DNase digestion sites was determined by comparison to radiolabled DNA standards. A schematic diagram indicating the relative location of Pit-1 binding sites is shown at the right of each autoradiogram. A, In vitro analysis of Pit-1 binding. Increasing concentrations of partially purified Pit-1 were incubated with a 32 Plabeled DNA representing the Ϫ236 to Ϫ76 region of the rat prolactin 5Ј-flanking region. The 32 P-labeled DNA was present in the binding reactions either as naked DNA (DNA) or reconstituted chromatin (chromatin). After incubation, protein-DNA complexes were resolved by nondenaturing PAGE and visualized by autoradiography. B, In vivo binding of Pit-1 to the proximal and distal regions of the prolactin gene. Oocytes were injected with either an empty expression vector (empty) or an expression vector for Pit-1 (Pit1) as indicated. At 40 h after injection the oocytes were to determine whether expression of exogenous estrogen receptors can enhance transcription in oocytes of prolactin reporter genes containing the distal enhancer region.
Pit-1 Expression Alters Micrococcal Nuclease Digestion of Prolactin 5-Flanking DNA Sequences When Assembled into Chromatin
To examine the chromatin structure in the proximal region of the prolactin promoter, we digested homogenates of microinjected oocytes with micrococcal nuclease, which digests DNA in the linker region between nucleosomes. To map sites within the prolactin reporter gene that were cleaved by micrococcal nuclease, isolated DNA was digested to completion with AflIII, the DNA fragments were resolved by gel electrophoresis and then transferred to a membrane, and specific fragments were identified by indirect end labeling using a hybridization probe representing the 3Ј-end of the region of interest. To examine possible sequence selectivity for digestion of the prolactin 5Ј-flanking region, the prolactin reporter gene was mixed with oocyte homogenates and subjected to micrococcal nuclease digestion (Fig. 4A , lanes 2-9). Micrococcal nuclease digestion of this presumably nonchromatinized DNA tended to yield a smear of varying sized DNA fragments with several discrete bands. For instance, relatively discrete bands were observed at positions Ϫ70 and Ϫ20 relative to the prolactin transcription start site. These discrete bands may indicate that micrococcal nuclease has some sequence selectivity leading to enhanced digestion of some specific sites in naked DNA. Alternatively, it is possible that DNA binding by components of the oocyte extract may influence micrococcal nuclease digestion leading to enhanced digestion at specific sites. As injected DNA is assembled quite rapidly in vivo to nucleosomes (Fig. 1B) , it also seems possible that some DNA may be assembled into chromatin by the oocyte homogenate. Therefore, it is possible that mixing DNA with oocyte homogenate does not provide an appropriate, naked DNA control. To further assess selectivity for micrococcal digestion of the 5Ј-flanking region of the prolactin gene, digestion of naked DNA in buffer was performed (Fig. 4B ). In the absence of Xenopus oocytes extract, micrococcal nuclease digested the prolactin DNA sequences to near completion, producing relatively few partial digestion products (Fig. 4B , lanes [20] [21] [22] [23] [24] [25] [26] [27] . The few partial digestion products that were obtained tended to yield a smear with relatively few discrete bands. However, digestion sites at positions Ϫ300 and Ϫ70 could be detected for digestion of naked DNA in buffer in the absence of Pit-1 (Fig. 4B,  lanes 22 and 23) , suggesting that micrococcal nuclease has some modest sequence selectivity for digestion of the 5Ј-flanking region of the prolactin gene. For naked DNA, the digestion site at Ϫ70 was substantially protected by addition of Pit-1 (Fig. 4B , compare lanes 22 and 23 with lanes 26 and 27). Similar results for digestion of naked DNA by micrococcal nuclease were observed in two other experiments (data not shown). Interestingly, the upstream boundary of the 1P Pit-1 footprint is about position Ϫ62, which does not overlap the micrococcal nuclease digestion site at about Ϫ70. Nonetheless, Pit-1 binding appears to protect the Ϫ70 site from micrococcal nuclease digestion of naked DNA, presumably due to steric interference.
Micrococcal nuclease digestion of samples that were assembled in vivo into chromatin yielded a more distinctive pattern of discrete bands (Fig. 4A, lanes  11-18) . In the absence of Pit-1, micrococcal nuclease of chromatin yielded particularly prominent digestion products at positions Ϫ300 and Ϫ70. The Ϫ300 site was also observed with samples containing naked DNA, although not as prominently. Thus micrococcal nuclease preferentially cleaves the DNA at about Ϫ300, and digestion at this site may be enhanced by assembly of the DNA into chromatin. Expression of Pit-1 resulted in several distinct changes in the micrococcal nuclease digestion of the chromatinized reporter gene (Fig. 4A, lanes 15-18) . As with naked DNA, Pit-1 expression led to reduced cleavage at position Ϫ70 of the chromatin samples. As discussed above, this is presumably due to steric interference of Pit-1 with nuclease digestion. In contrast to Pit-1-mediated protection at Ϫ70, Pit-1-stimulated cleavage was A, Xenopus oocytes were injected with the 1.9 PRL-Luc reporter construct and a Xenopus expression vector directing expression of FLAG-Pit-1 (Pit1) or FLAG-DNA binding domain of Pit-1 (DBD) as indicated. After incubation, oocytes were homogenized and RNA was prepared. Primer extension analysis with a luciferase-specific, radiolabeled primer was used to detect the prolactin/luciferase transcript (PRL/Luc), and histone H4 transcripts (H4) were also assayed as an internal standard. B, Analysis of protein expression in oocytes. Xenopus oocytes were injected with expression vectors encoding FLAG-Pit-1(Pit1) or the FLAG-DNA binding domain of Pit-1 (DBD). After incubation the oocytes were homogenized, and FLAG-tagged proteins were isolated by immunoprecipitation using mouse monoclonal anti-FLAG antibody and resolved on a denaturing polyacrylamide gel. After transfer of the proteins to a membrane, the epitope-tagged proteins were visualized using a rabbit polyclonal anti-FLAG antibody.
Fig. 4. Pit-1 Expression in Oocytes Results in Micrococcal Nuclease Digestion of the Proximal Promoter Region of the Prolactin Gene
A, Analysis of micrococcal cleavage of a prolactin reporter gene either as naked DNA (DNA) or after assembly into chromatin in oocytes (chromatin). Oocytes were injected with the FLAG-Pit-1 expression vector (Pit-1) as indicated. Some oocytes were also injected with the 1.9 PRL-Luc reporter gene for in vivo assembly into chromatin. After 40 h incubation, the oocytes were homogenized. For the naked DNA samples, 10 ng of DNA for the 1.9 PRL-Luc reporter gene were added after the oocytes were homogenized. All samples were incubated with increasing amounts of micrococcal nuclease (0, 0.8, 2.5, and 7.5 U nuclease/ml). Isolated DNA was digested with AflIII, which cleaves the reporter gene upstream of the distal enhancer and within the luciferase coding sequence. DNA was resolved on an agarose gel and transferred to a membrane. The locations of nuclease digestion were identified by hybridization to a radiolabeled EcoRI-XbaI fragment from the luciferase-coding sequence. clearly detected at positions Ϫ20 and Ϫ210. Enhanced digestion at these sites was observed only for the chromatin samples. Thus, the ability of Pit-1 to enhance digestion at the Ϫ20 and Ϫ210 cleavage sites appears to be chromatin dependent. The ability of Pit-1 to enhance micrococcal cleavage at Ϫ20 and Ϫ210 of the prolactin gene has been consistently observed in a large number of experiments (see Figs. 5 and 6 for further examples). Interestingly, the enhanced cuts at Ϫ20 and Ϫ210 are consistent with the possible presence of a translationally positioned nucleosome interacting with a DNA region containing several Pit-1 binding sites (Fig. 4C) . The ability of micrococcal nuclease to cleave the linker region between nucleosomes has led to the extensive use of this enzyme to identify and locate nucleosomes on DNA. Of course, it remains possible that other changes in chromatin structure may lead to changes in micrococcal nuclease digestion. It is possible that Pit-1 leads to architectural or topological changes in chromatin structure rather than a translationally positioned nucleosome, and these changes may account for the changes in micrococcal nuclease digestion. In any case, the findings demonstrate that Pit-1 is able to stimulate changes in micrococcal nuclease cleavage and suggest that Pit-1 is sufficient to direct alterations in chromatin structure of the prolactin 5Ј-flanking region.
The Time Course of Changes in Chromatin Structure Correspond to the Time Course of Pit-1 Expression
To further examine the ability of Pit-1 to alter chromatin structure, we examined the time course of Pit-1-stimulated changes in chromatin structure. For this experiment, the prolactin reporter gene was injected into oocytes, followed by a 20-h incubation to permit assembly of chromatin on the injected template (Fig.  5A) . Then, an expression vector for Pit-1 was injected, and the oocytes were incubated for varying times before analysis. Some of the oocytes were incubated in [ 35 S]methionine to permit analysis of the time course of Pit-1 accumulation (Fig. 5B) . After homogenization, other oocytes were incubated with micrococcal nuclease for indirect end-labeling analysis of the chromatin structure of the proximal region of the prolactin gene (Fig. 5C ). The time course of Pit-1 accumulation very closely corresponded to the time course of changes in chromatin structure, as assessed by enhanced cleavage at positions Ϫ210 and Ϫ20 and decreased cleavage of the Ϫ70 site. As for the studies shown in Fig. 3 , the changes in micrococcal nuclease cleavage are consistent with the possibility that Pit-1 expression results in the presence of translationally positioned nucleosome over the proximal region of the prolactin promoter. The excellent correlation between Pit-1 expression and these chromatin changes supports a role for Pit-1 in directing changes in chromatin structure.
Transcriptional Activation Is Not Required for Changes in the Chromatin Structure of the Prolactin Gene
The DNA binding region of Pit-1 consists of two separate domains that can individually interact with DNA, the POU-specific domain and the homeodomain (28) . Structural studies have confirmed that both domains of Pit-1 make specific base contacts and that Pit-1 homodimer involves an interaction of the POU specific with the POU homeodomain domain (29) . To further examine the role of Pit-1 in directing changes in chromatin, the ability of the Pit-1 DNA binding domain to modulate chromatin structure was examined (Fig. 6) . Interestingly, although the Pit-1 DNA binding domain was unable to activate transcription in oocytes ( Fig.  2A) , the micrococcal nuclease digestion pattern was similar to that obtained with full-length Pit-1. In particular, the DNA-binding domain led to enhanced micrococcal nuclease cleavage at the Ϫ210 and Ϫ20 sites and protection of the Ϫ70 site, very similar to the results obtained with full-length Pit-1.
DISCUSSION
These studies have used an in vivo chromatin reconstitution system in Xenopus oocytes to examine the ability of Pit-1 to stimulate transcription and to alter chromatin structure. Although it has been known for some time that Pit-1 plays a key role in stimulating prolactin gene expression (12, 13, 30) , the possible involvement of Pit-1 in establishing the chromatin structure of the prolactin promoter has not been previously explored. The present findings demonstrate that Pit-1 expression leads to changes in micrococcal nuclease digestion of the 5Ј-flanking region of the prolactin gene offering evidence that Pit-1 can alter chromatin structure. The Pit-1 DNA binding domain, which was not transcriptionally active, also led to changes in chromatin structure. Thus, Pit-1-mediated changes in chromatin structure do not appear to require transcriptional activation and are not sufficient for transcriptional activation. The changes in micrococcal nuclease are consistent with the possible presence of a translationally positioned nucleosome on the proximal promoter region of the prolactin gene.
The mechanisms mediating the ability of Pit-1 to alter chromatin structure have not been determined. Although Pit-1 was not able to bind to chromatin in vitro, footprint studies clearly demonstrated Pit-1 binding to chromatin in vivo. It should be noted that the different assays involve very different time intervals. The in vitro binding assay was completed in 20 min whereas the in vivo assay involved expression of Pit-1 over a 40-h interval. The extended time of the in vivo assay may have permitted Pit-1 to bind to transiently exposed DNA sites. There is evidence that DNA binding sites in chromatin can be transiently available (31) . Alternatively, the ability of Pit-1 to bind to chromatin and modulate chromatin structure may involve the action of an ATP-dependent remodeling complex. At the present time there is no information concerning the possible direct interaction of Pit-1 with components of an ATP-dependent remodeling complex. It remains possible, therefore, that Pit-1 directly recruits a remodeling complex. There are also studies that raise the possibility of an indirect recruitment. The CCAAT-enhancer binding protein (C/EBP) has been shown to stimulate activity of the prolactin promoter (32) , and there is a functional interaction between C/EBP and Pit-1 to stimulate the GH promoter (33) . As C/EBP has been shown to interact with the SWI/SNF complex (34), it is possible that interactions between Pit-1 and C/EBP lead to recruitment of the SWI/SNF complex or another complex leading to chromatin remodeling. This model for the role of Pit-1 in modifying chromatin structure has some similarity to the role of GAGA factor in organizing chromatin on the hsp70 promoter. GAGA factor binds to [GA] n repeats in the hsp70 promoter (7, 35) , resulting in the recruitment of a chromatin-remodeling complex (36) . The complex contains several subunits, including the imitation switch (ISWI) ATP-dependent chromatin-remodeling factor. ISWI appears to mediate GAGA-directed nucleosome sliding resulting in the formation of an inducible heat shock promoter (37) . Additional studies will be required to examine the role of ATP-dependent remodeling complexes in mediating Pit-1 effects on chromatin structure and transcriptional activation.
The ability of Pit-1 to direct nucleosome positioning could play a role in transcriptional regulation of the prolactin gene. Previous studies have used micrococcal nuclease digestion and indirect end-labeling experiments to provide evidence for cell-specific differ- ences in chromatin structure of the prolactin gene (38) . The present studies provide evidence that Pit-1 may be sufficient to position a nucleosome that probably corresponds to one of the nucleosomes detected in GH 3 cells. These findings suggest that Pit-1-dependent changes in nucleosome positioning likely contribute to the mechanisms that establish the cell-specific chromatin structure of the prolactin gene. The finding that the Pit-1 DNA binding domain is sufficient to direct chromatin changes, but unable to activate transcription, provides evidence that Pit-1-mediated changes in chromatin structure are not sufficient to activate transcription. This is probably due to a role for the transcriptional activation domain of Pit-1 in recruitment of coactivators such as CBP (17, 39) , which are required for activation. The ability of Pit-1 to modulate chromatin structure may also enhance recruitment of other transcription factors and facilitate functional synergism between factors. This would be similar to findings that the glucocorticoid receptor can alter chromatin structure, leading to enhanced recruitment of other transcription factors (40, 41) . Interestingly, the synergism observed with the glucocorticoid receptor does not occur on naked DNA or with mononucleosomes, suggesting that the chromatin template is required for maximal gene activation (42) .
In summary, this work provides new insights into the ability of Pit-1 to modulate chromatin structure and transcription. We have used a Xenopus oocyte, in vivo system to assemble the prolactin gene into chromatin. The studies provide evidence that Pit-1 can direct changes in the chromatin structure of the prolactin gene. Pit-1 expression was found to lead to changes in micrococcal nuclease consistent with the possible presence of a translationally positioned nucleosome in the proximal promoter region of the prolactin gene. The Xenopus oocyte system used in the present study should provide a useful tool to further explore the mechanisms mediating these responses and to examine the role other transcription factors may play in modulating chromatin structure and prolactin transcription.
MATERIALS AND METHODS
DNA Constructs
Luciferase reporter constructs containing approximately 0.6-or 1.9-kb pairs of the 5Ј-flanking sequence and the promoter from the rat prolactin gene have been described previously (43, 44) . Expression vectors encoding Pit-1 fused to the FLAG epitope were generated by subcloning the appropriate coding sequence into pCS2ϩ (45) .
Preparation and Microinjection of Oocytes
The preparation and microinjection of X. laevis oocytes were performed using a modification of methods previously described (24) . Mature female X. laevis were anesthetized in 0.2% Tricaine (Sigma Chemical Co., St. Louis, MO) and the ovaries were removed. Fragments of ovary were incubated with 0.2 Wü nsch units/ml Liberase Blendzyme 3 (Roche Molecular Biochemicals, Indianapolis, IN) for 3 h at 18 C in 5 mM HEPES, pH 7.9; 82.5 mM NaCl; 2.5 mM KCl; 1 mM MgCl 2 . The oocytes were then washed several times in ND-96 (5 mM HEPES, pH 7.9; 96 mM NaCl; 2 mM KCl; 1.8 mM CaCl 2 ; 1 mM MgCl 2 ; 50 g/ml gentamycin). Stage VI oocytes were injected with 9.2 nl of an aqueous solution containing 100 ng/l of DNA using a Nanoject II (Drummond Scientific Co., Broomall, PA). After 24-48 h incubation at 18 C on a rotating platform, healthy oocytes were selected for analysis.
RNA Preparation and Primer Extension Analysis
RNA was isolated from 20 oocytes using methods similar to those described previously (46) . Oocytes were washed once in ND-96 and then homogenized by repeated pipetting in 0.1 ml 10 mM Tris (pH 8.0)-1 mM EDTA. Then, 0.5 ml Trizol reagent (Invitrogen, Carlsbad, CA) and 0.1 ml chloroform were added, and the sample was vigorously mixed. After 5 min on ice, the RNA was collected by centrifugation for 15 min at 10,000 ϫ g for 15 min, after which 0.35 ml of supernatant was removed, and RNA was precipitated by adding 1 volume of isopropanol. The RNA was collected by centrifugation, the supernatant was removed, and the pellet was rinsed with 1 ml of 70% ethanol. RNA pellets were resuspended in 40 l of water. Primer extension analysis was performed with a primer specific for the luciferase RNA product (luc-primer: 5Ј-GCAGTTGCTCTCCAGCGGTTCCATC-CTC-3Ј) and a primer recognizing the endogenous histone H4 mRNA (H4-primer: 5Ј-GGCTTGGTGATGCCCTGGATGT-TATCC-3Ј), which acted as a recovery/loading control. RNA (equivalent of two oocytes) was incubated in a final volume of 10 l with 0.2 pmol of the luc-primer and 0.04 pmol of the H4-primer for 10 min at 65 C, 30 min at 55 C, and 10 min at 42 C in 1ϫ First Strand Buffer (50 mM Tris, pH 8.3; 75 mM KCl; 3 mM Mg 2 Cl 2 ; Invitrogen, Carlsbad, CA). Primer extension was performed in a reaction volume of 40 l in the same buffer with the addition of 0.25 mM deoxynucleotide triphosphates, 1 mM dithiothreitol, and 100 U of Moloney leukemia virus RNase H Ϫ reverse transcriptase (Superscript II, Invitrogen). After a 60-min incubation at 42 C, the reaction was stopped by adding 200 l of 1% sodium dodecyl sulfate (SDS), 50 mM Tris (pH 8.0), 10 mM EDTA, and 0.5 mg/ml Proteinase K (Roche Molecular Biochemicals, Indianapolis, IN). The samples were incubated at 55 C for 1 h, followed by addition of an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1) and vigorous mixing. After centrifugation, the upper aqueous phase was removed, and nucleic acids were precipitated by addition of 2 volumes of ethanol. Extension products were collected by centrifugation and analyzed on a 7% polyacrylamide gel containing 8 M urea (24) . Products were visualized by autoradiography.
Protein Expression Assay
Oocytes were injected with expression vectors encoding FLAG-Pit-1 and incubated for the indicated times in the presence of [ 35 S]methionine (Dupont NEN, Boston, MA). The oocytes (n ϭ 10) were washed three times in ND-96 and homogenized by repeated pipetting in 0.3 ml of 50 mM Tris-HCl (pH 8.0), 10% glycerol, 1% Nonidet (NP-40), 200 mM NaCl, 2.5 mM MgCl 2 . Homogenates were combined with an equal volume of 1,1,2-trichloro-trifluoroethane (Sigma), vortexed for 1 min, and centrifuged for 5 min at 4 C. The supernatant was transferred to a new tube and incubated with a resin containing an immobilized anti-FLAG antibody (Sigma) for 90 min at 4 C. The resin was washed with 50 mM Tris-HCl (pH 8.0), 10% glycerol, 1% NP-40, 200 mM NaCl, 2.5 mM MgCl 2 buffer three times. Radiolabeled proteins were separated on a 12%, denaturing polyacrylamide gel (47) and visualized by autoradiography. In some cases, oocytes were not labeled with [ 35 S]methionine, and the nonradioactive proteins were detected by immunoblotting with a rabbit polyclonal anti-FLAG antibody.
Micrococcal Nuclease Assay
For analysis of chromatin structure, oocyte homogenates were treated with micrococcal nuclease, after which DNA was isolated. For these assays, 30 oocytes for each group were washed twice with ND-96 and homogenized in 210 l of nuclease buffer (10 mM HEPES, pH 8.0; 50 mM KCl; 5 mM MgCl 2 ; 3 mM CaCl 2 ; 1 mM dithiothreitol; 0.1% NP-40, 8% glycerol). Then, 60 l aliquots of the homogenate were incubated with 0, 0.83, 2.5, or 7.5 U/ml of micrococcal nuclease (Sigma) for 20 min at room temperature. The reaction was stopped by adding 200 l of 50 mM Tris (pH 8.0), 20 mM EDTA, 1% SDS. Samples were adjusted to contain 100 g/ml RNase A and incubated for 1 h at 37 C. Proteinase K (Roche Molecular Biochemicals) was then added to 0.3 mg/ml, and the samples were incubated overnight at 55 C. An equal volume of phenol-chloroform-isoamyl alcohol (25:24:1) was added and mixed vigorously, and the phases were separated by centrifugation. DNA was precipitated from the supernatant by addition of two volumes of ethanol. After collection by centrifugation, the DNA was dissolved in 20 l H 2 0, and the equivalent of DNA from 15 oocytes was used for indirect end-labeling analysis. For analysis of the proximal region of the prolactin gene, DNA was digested to completion with restriction endonucleases KpnI and EcoRI or AflIII and separated on a 1.5% agarose gel in 90 mM Tris-borate (pH 8.3) and 2 mM EDTA. The DNA was transferred to a nylon filter by blotting (48) , and fragments containing prolactin gene sequences were visualized by hybridization (49) with a radiolabeled DNA probe corresponding to the 3Ј-end of the gene fragment.
In Vitro Pit-1 Binding
A radiolabeled DNA fragment representing the Ϫ236 to Ϫ76 region of the rat prolactin 5Ј-flanking region was prepared by PCR using 32 P-labeled CAGTCAGCCTCAGCATTTCTCT and CTCCCAATCATCTATTTCCGTC as primers. For chromatin reconstitution, oligonucleosomes were isolated from whole chicken blood as described previously (50) . Nucleosomes were reconstituted on the 32 P-labeled PRL DNA fragment by incubation with chicken oligonucleosomes in 2 M NaCl followed by step dilution to lower NaCl concentrations as described elsewhere (25) . Binding reactions contained 10,000 cpm of 32 P-labeled PRL DNA fragment either as naked DNA or as reconstituted chromatin, 1 g sheared salmon sperm DNA, 20 g BSA, varying amounts of partially purified Pit-1 that had been expressed in insect cells using a baculovirus vector, 10 mM Tris (pH 7.5), 5% glycerol, 50 mM NaCl, 1 mM EDTA, and 1 mM dithiothreitol in a total volume of 25 l. The reactions were incubated for 30 min at room temperature and then analyzed using a nondenaturing, 4% polyacrylamide gel in 45 mM Tris-borate (pH 8.3) and 1 mM EDTA.
In Vivo DNase I Footprint Assay of Pit-1 Binding
For each group injected with different DNAs, 50 oocytes were homogenized in 0.5 ml of 10 mM Tris-HCl (pH 8.0), 50 mM NaCl, 5 mM MgCl 2 , 1 mM EDTA, 5% glycerol and then divided into 3 ϫ 150 l aliquots at room temperature. The samples were digested with either 60, 80, or 100 U of DNase I (Invitrogen) for 10 min at room temperature. Then 0.3 ml of 1% SDS, 50 mM Tris-HCl (pH 8.0), 10 mM EDTA, and 0.6 mg/ml proteinase K was added and incubated at 37 C for 16 h. After extraction with phenol/chloroform, the DNA was precipitated with ethanol, collected by centrifugation, and then resuspended in 44 l water. To remove RNA, the samples were adjusted to contain 0.2 mg/ml pancreatic RNase, 50 mM Tris-HCl (pH 8.0), 10 mM MgCl 2 , 50 mM NaCl and digested for 2 h at 37 C. The samples were extracted with phenol/chloroform, precipitated with ethanol, and collected by centrifugation. Linear PCR was performed with the DNA as template using 32 P-labeled primers complementary to either the luciferase-coding sequence of the reporter gene (luc-primer, as described above) or a region downstream of the distal enhancer (GCAACACATAGTGCAATCAATCAC).
